Introduction {#Sec1}
============

Chikungunya fever is a vector-borne disease that is transmitted to humans by *Aedes* mosquitoes (mainly *Aedes aegypti* and *Aedes albopictus*), and caused by chikungunya virus (CHIKV) which belongs to the *Alphavirus* genus of the family *Togaviridae*^[@CR1],[@CR2]^. The name "chikungunya" comes from a Swahili or Makonde word meaning "to become contorted", and describes the bent posture of sufferers with joint pain (arthralgia)^[@CR3],[@CR4]^. This disease is characterized by an abrupt onset of fever frequently accompanied by intense asthenia, arthralgia, myalgia, headache, and rash. Because these clinic signs are similar to those of dengue and Zika, misdiagnoses occur frequently. Although most symptoms would resolve, joint pains may persist for several months, or even years, and result in chronic pain and disability. Among all infected people, a large portion of them are symptomatic, and only less than 15% of them have no symptoms. There are currently no licensed vaccines or specific treatments for CHIKV infections.

Chikungunya fever was reported as early as in the 1770s, and CHIKV was first isolated from the serum of a febrile patient during a dengue epidemic which occurred in the Newala district, Tanzania, in 1953^[@CR5]^. The earliest confirmation of an outbreak in Asia was from the Philippines in 1954. Until the mid-1980s, this endemic strain, called the Asian lineage, had caused outbreaks and sporadic cases in India and Southeast Asia. Three distinct lineages have been identified so far: the west African lineage, the east, central, and southern African lineage (ECSA), and the Asian lineage^[@CR6]^. After several decades of absence, CHIKV caused a major epidemic in Kenya resulted in 13,500 cases in 2004. In the following two years, the virus rapidly spread to Comoros (2005), La Réunion (one third of the Réunion population were infected during 2005--2006), several other Indian Ocean islands, India (infected more than 1.39 million people in 2006), and parts of Southeast Asia. In 2007, the disease was reported for the first time in Europe, causing a local outbreak in North-Eastern Italy. Until now, CHIKV has been detected in more than 60 countries in Asia, Africa, Europe, and the Americas. A map that depicts the origin, spread, and distribution of CHIKV and the disease vectors can be found in^[@CR3]^.

CHIKV is a single-stranded, positive-sense RNA virus, enveloped with a spherical shape and icosahedral symmetry. Mutations in the surface envelope glycoproteins E1 at position 226 (E1-A226V) have been identified in recent epidemic strains^[@CR3],[@CR7]^, and the new variant of the virus is identified as a new sublineage known as ECSA-V. The first report of mutation was in the Karnataka state of India^[@CR8],[@CR9]^, it caused an unprecedented magnitude outbreak in the Indian Ocean islands and India from 2004--2007. The same sublineage also caused the outbreak in North-Eastern Italy in 2007 and two outbreaks in Guangdong, China in 2010^[@CR10]^. Studies have shown that this mutant strain obtains better fitness than the non-mutant strain in *Aedes albopictus* - the abundant mosquito species in Italy, but such species-specific adaptation of this mutant strain was not found in human cells^[@CR11]^. It was found in the 2007 Italy outbreak that *Aedes albopictus* with ECSA-V are possible to develop a shortened extrinsic incubation period and higher transmission potentials^[@CR11]--[@CR13]^, thus it is believed that the appearance of ECSA-V might be contributing to the size of the recent outbreaks in Italy and China^[@CR11]^. Moreover, it is also worthwhile to notice that ECSA-V with all its special features cannot explain the size of the recent outbreaks in the Americas since this mutation has not been found in the samples collected during these outbreaks.

Various mathematical models have been proposed to describe chikungunya fever transmission, to name a few^[@CR14]--[@CR29]^. To the best of our knowledge, none of the previous studies has considered the strain mutation dynamics and estimated its impact through outbreak data. Inspired by these findings, we use mathematical models and data fitting techniques to study the influence of mutation dynamics on the transmission of CHIKV.

The paper is organized as follows: the mathematical model for chikungunya fever is introduced in section 2; the basic reproduction number of the model is calculated in section 3; in section 4, we study the dynamical behaviors of the model as the mutation rate changes; in section 5, we fit the model with the outbreak data in Italy from June 23 to September 14 in 2007. Under the assumption of a linear mutation rate among mosquitoes, sustainable chikungunya outbreaks can be observed with credible parameter values. Our data fitting results show that the basic reproduction number in the 2007 Italy outbreak might be underestimated without considering the mutation dynamics.

Mathematical model {#Sec2}
==================

We stratify the infected mosquitoes and human populations in terms of non-mutant and mutant strains to describe the mutation dynamics. For mosquitoes, the total mosquito population at time $\documentclass[12pt]{minimal}
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These explicit formula for the non-trivial components of boundary equilibria led to the following theorem.

**Theorem 2**.**1** {#FPar1}
-------------------
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Under the scenario in Fig. [2](#Fig2){ref-type="fig"}, the non-mutant strain dominates for small mutation rates, co-existence of both strains could occur under moderate mutation rates, and mutant strain dominates for large mutation rates. Figure [3](#Fig3){ref-type="fig"} shows that, if the mutant strain already possesses a higher transmission probability from mosquito to human, then it will dominate at any mutation rates. In the scenario of Fig. [4](#Fig4){ref-type="fig"} where the two strains obtain same level of transmission probability, co-existence happens when there is no mutation, and mutant strain dominates as soon as the mutation rate perturbs from 0. These results indicate that the mutation dynamics in the bodies of *Aedes albopictus* mosquitoes could result in a progressive take-over of the non-mutant strain by the mutant strain in the human population level in the long run.

Fitting the Italy 2007 outbreak data {#Sec3}
====================================

*Aedes albopictus* was introduced in 1990 to Italy and has since been established in urban settings, and was identified as the principal vector for the 2007 CHIKV outbreak in Italy. The mutant strain ECSA-V is believed to be associated to this outbreak^[@CR33]^, moreover, the co-existence of mutant and nonmutant CHIKV has been reported in this outbreak^[@CR34]^. We thus use our model to fit this outbreak data and investigate the role played by the mutation dynamics.

Figure [5](#Fig5){ref-type="fig"} shows the reported case numbers between June 23rd and September 14th, 2007, where the blue bars up to day August 22nd represent the initial outbreak phase before the start of public health implementations. Since the control measures will greatly alter the model parameters, we fit the outbreak data from June 23rd to August 22nd.Figure 5Reported chikungunya cases from June 23rd to September 14th, 2007 in Castiglione di Cervia and Castiglione di Ravenna. Control measures were implemented on August 23rd, so we color the cases reported before interventions blue, and color the cases reported after interventions green. The data depicted above come from G. Rezza *et al*. *Lancet 2007; 370: 1840*--*1846*^[@CR44]^.

Due the short epidemic time scale in comparison to the demographic time scale, we do not consider the natural growth of human population and set $\documentclass[12pt]{minimal}
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For the purpose of comparison, we consider a corresponding model with no mutation dynamics, we set $\documentclass[12pt]{minimal}
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Parameters Estimation {#Sec4}
---------------------

All parameter definitions, ranges and relevant references in model (S1) are shown in Table [1](#Tab1){ref-type="table"}. The differences between the mutant and non-mutant strains are reflected in the following parts of the parameterization.Vector competence: the intrinsic ability of a vector to support viral replication so that the virus disseminates from the midgut to the salivary glands for transmission during subsequent vector blood meals. The ECSA-V mutant strain can enhance the replication and the dissemination of CHIKV hence led a significant increase in CHIKV infectivity from *Ae*.*albopictus* to human during transmission^[@CR11],[@CR12],[@CR35],[@CR36]^. Therefore, we assume the lower bound of $\documentclass[12pt]{minimal}
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Fitting Method {#Sec5}
--------------
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The algorithm was run 50,000 iterations and we discarded the first 40,000 samples as a burn-in period. The prior density $\documentclass[12pt]{minimal}
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By using the same method, we fit model (S2) and estimate the four parameters as shown in Table [3](#Tab3){ref-type="table"}. Figure [7](#Fig7){ref-type="fig"} shows the fitting of the same data set with model (S1) and (S2), respectively, in which the shaded band areas represent the 95% confidence interval for fitted parameter values in 5000 runs.Table 3Parameter values for point estimation and 95% interval estimation in model (S2).ParameterPoint estimation95% confidence interval$\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{M0}$$\end{document}$52174\[51986.33, 52359.72\]Figure 7(**a**) The cumulative number of newly chikunkunya symptomatic cases and fitted curve. Red dots represent observed data points while the black solid curve shows the median value based on 5000 simulations by using model (S1), and shaded areas show 95% confidence interval around model (S1) fitted. (**b**) The cumulative number of newly chikunkunya symptomatic cases and fitted curve by using model (S2), as in (**a**).

To see if model (S1) with mutation dynamics gives a better fitting than model (S2), we compare the Akaike information criterion (AIC) to judge the relative quality between the two models:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{RSS}}={\sum }_{i=1}^{n}\,{({y}_{i}-f({x}_{i},\hat{\theta }))}^{2}$$\end{document}$ is the residual sum of squares. In addition, we also measure the mean absolute percentage error (MAPE) and the root mean square percentage error (RMSPE), which are critical evaluation indicators used to assess the fitting effect and the precision of models. The MAPE and the RMSPE are defined as$$\documentclass[12pt]{minimal}
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Calculation of Basic Reproduction Number {#Sec6}
----------------------------------------

Based on the estimated parameter values from the MCMC method, we calculate the corresponding uncertainty on the basic reproduction numbers from the sampled parameters. The median and confidence interval of the distribution of the basic reproduction numbers (see Fig. [8(a)](#Fig8){ref-type="fig"}) are 2.035 (95% CI: \[1.9424, 2.1366\]) for $\documentclass[12pt]{minimal}
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Sensitivity Analysis and Intervention Priorities {#Sec7}
------------------------------------------------

We perform sensitivity analysis for model (S1) by using the Latin Hypercube Sampling method^[@CR37]^ to generate 5,000 parameter combinations with each parameter uniformly distributed in its range in Table [1](#Tab1){ref-type="table"}. Figure [9](#Fig9){ref-type="fig"} shows the PRCC values^[@CR38]^ of these parameters, and we conclude that the basic reproduction number $\documentclass[12pt]{minimal}
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Conclusion and Discussion {#Sec8}
=========================

The ECSA-V mutant strain was first discovered in the 2005--2006 chikungunya fever outbreak in La Réunion. In particular, the mutation was not detected during the first outbreak wave before September 2005, but was detected during the second wave from December 2005 which involved as many as ten times of the cases reported in the first wave^[@CR39]^. It is believed that the mutant strain could have been spread by travelers later to Italy, as study confirmed the co-circulation of the non-mutant and mutant strains in the 2007 Chikungunya fever outbreak in Italy^[@CR34]^. This motivates us in extending a SEIR-type model based on classic mathematical epidemical theory^[@CR40]^ to examine the impact of virus mutation. We obtained estimates of the basic reproduction number by using some parameters from published literature and our estimation shows that if the mutant strain was involved in the 2007 outbreak, then the disease burden could be underestimated.

The possible high infectivity possessed by the mutant CHIKV strains will not only increase the risk of infection and epidemic size, but could also initiate and sustain chikungunya fever outbreak. In our data fitting, the basic reproduction number caused by non-mutant strain is 0.698 (95%CI: \[0.5213,0.8017\]), but the estimated value by the mutant strain is 2.035 (95% CI: \[1.9424, 2.1366\]). Our simulations on varying some controllable model parameters show that the transmission rate of mutant strain from mosquito to human is an important parameter in the control of the disease spread. Some biological studies demonstrated that the adaptation in the *Aedes albopictus* mosquito vector due to the mutation may be associated with evolutionary success, which could further complicate the outbreak control. More seriously, ECSA-V can be seen as the initial step of adaptive mutation of the CHIKV, the second step of adaptive mutation has already been reported^[@CR36],[@CR41]^. Thus new epidemiological evidence, public health interventions, and modeling studies are needed in case the evolution of strain mutations can further facilitate the disease transmission and persistence.
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                \begin{document}$$\delta \approx 0.1386$$\end{document}$ which falls into the estimation of our data fitting result. Indeed, more experiments involving large *Aedes albopictus* populations are needed to enhance the experimental estimation of the mutation potentials.

Limitations {#Sec9}
===========

Our model can be improved if more detailed biological evidence becomes available in the future. Here we would like to discuss some neglected factors in our model and future directions for this study. First of all, although the mutant strain have been discovered in many of the recent chikungunya outbreaks, there is limited knowledge on the mutation mechanism. Our model assumes a linear mutation rate happening among mosquitoes infected with the non-mutant strain, which is only one of the many possibilities. Thus future work should consider and model other possible mutation dynamics, fitting models with various hypothesis to real outbreak data could help select the reasonable ones. Secondly, we use real data to fit parameters with undetermined broad ranges while leaving the other parameters as fixed values including mosquito biting rate and the proportion of symptomatic individuals. However, the biting rate varies in *Aedes* species and could also depend on temperature and urbanization, and the proportion of symptomatic cases is always difficult to estimate on the population level. Lastly, our model structure should be adjusted based on further knowledges, such as the cross-immunity between the mutant and non-mutant strains after recovery, waning immunity^[@CR43]^, and transmission ability difference between symptomatic and asymptomatic individuals.
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